1H NMR spectroscopy study of structural water in rehydrated biocomposite of Spongilla lacustris freshwater demosponge origin by Krupska, T. et al.
Vol.:(0123456789) 
Applied Physics A (2020) 126:667 
https://doi.org/10.1007/s00339-020-03844-4
T.C. BIOLOGICAL AND BIOMIMETIC MATERIALS
1H NMR spectroscopy study of structural water in rehydrated 
biocomposite of Spongilla lacustris freshwater demosponge origin
Tatiana Krupska1 · Marcin Wysokowski2,3 · Iaroslav Petrenko3 · Yuliya Khrunyk4,5 · Krzysztof Nowacki6 · 
Hermann Ehrlich3,7 · Vladimir V. Turov1
Received: 26 April 2020 / Accepted: 23 July 2020 / Published online: 4 August 2020 
© The Author(s) 2020
Abstract
Biocomposites of sponge origin attract scientific attention due to their renewability as well as special properties. Dried 
skeletons of fresh water demosponge Spongilla lacustris represent unique kind of naturally occurring silica-chitin-based 
biocomposites with long history of their applications in dermatocosmetics. However, there is still a lack of knowledge on 
their physico-chemical properties in model systems. The aim of this work was to model drug systems based on S. lacustris 
powdered biocomposite, water and a hydrophobic medium, which served as an analog of an oil base. Both thermogravimet-
ric analysis and 1H NMR spectroscopy study of structural water in rehydrated biocomposite lead to obtaining of interesting 
experimental data useful for preparation of biocosmetic products.
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1 Introduction
Sponges (Porifera) represent an ancient and unique phylum of 
the first multicellular organisms to have inhabited our planet. 
They have survived since Precambrian due to the ability to 
synthetize a broad diversity of secondary metabolites with 
cytotoxic and antibiotic-like activities as well as the forma-
tion of robust skeletal structures made of biosilica and cal-
cium carbonates (see for review [1, 2]). Siliceous spicules 
remain to be one of the typical skeletal formations found in 
diverse sponges, which belong to the Demospongiae class. 
They function as mechanical support for organic matrix as 
well as due to very sharp apical ends can protect the sponge 
body from predators (i.e., fish, turtles, etc.). Intriguingly, the 
presence of sharp up to 300 µm-long spicules contributed to 
the use of fresh water sponges such as Spongilla lacustris in 
the traditional and folk medicine in China, Russia, Ukraine 
and Thailand [3, 4]. In contrast to biomimetically designed 
diverse silica-collagen [5–11] and silica-chitin composites 
[12–16] of sponges origin, dried skeletons of S. lacustris rep-
resent unique source of naturally occurring biocomposites 
with high potential for applications in dermatocosmetics. In 
recent years, dried S. lacustris powdered biocomposites has 
been widely applied as a component for masks in the treat-
ment of such cosmetic skin imperfections as acne, pigmenta-
tion after sunburn, bruising and other skin conditions [17–21] 
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including cellulite [22]. Such biocomposite contains organic 
residues (chitin, microalgae) [23, 24]) and biosilica-based spic-
ules (Fig. 1). The presence of sharp spicules in corresponding 
dermatocosmetic products enhances the penetration of drugs 
and other substances through the skin [20, 21, 25]. The unique 
advantages of transdermal drug delivery over the other routes 
of drug administration include delayed release drug delivery 
and controlled drug release rate [26–28]. Notably, the use of 
cosmetic masks in the form of both aqueous and oily suspen-
sions is recommended.
The effectiveness of dosage forms based on biological 
products depends on the bioavailability of active substances 
desorbed from the natural component of the composite into 
an aqueous or aqueous-organic medium serving as the liquid 
base of the composite (dispersion medium). Subsequently, 
these substances come into contact with the skin or mucous 
membranes and are absorbed by the body. The main param-
eter determining the retention time of solution components 
in the adsorption layer, composed of solid particles of bio-
materials origin, can be the surface energy of solid-water 
system, which is connected with the total decrease in water 
free energy due to the presence of a phase boundary (adsorp-
tion interactions). Surface energy can be analyzed using the 
data of wetting warmth [29] and low-temperature 1H NMR 
spectroscopy, the latter is based on the study of the effect of 
solid–liquid interphase interactions on the temperature of 
water–ice phase transition [30–33].
The aim of this work was for the first time to model drug 
systems based on S. lacustris powdered biocomposite, water 
and a hydrophobic medium, which served as an analog of 
an oil base. The analyses were conducted employing low-
temperature 1H NMR spectroscopy [30–32], which evaluates 
an average number of hydrogen bonds involving each water 
molecule (based on the value of chemical shift of adsorbed 
water), as well as the radius of adsorbed water clusters and 
the change of Gibbs free energy of water in adsorbed layers 
taking into account the data on the depression of freezing 
temperature.
2  Materials and methods
Biocomposite of Spongilla lacustris freshwater demosponge 
(Fig. 1) has been purchased from Farmakom Ltd (Kharkiv, 
Ukraine). It is officially used for cosmetic applications 
according to ISO 9001 and ISO 22000.
2.1  1H NMR spectroscopy
1H NMR spectra were recorded in air, deuterochloroform 
and deuterochloroform/deuterotrifluoroacetic acid (TFAA). 
Deuterium substances were used to avoid the presence of 
extraneous intense signals in the spectra. 1H NMR spectra 
were recorded using a high-resolution NMR spectrometer 
(Varian “Mercury”) at an operating frequency of 400 MHz. 
The conventional spectra were recorded with a proton 90° 
pulse length of 3.0 µs and the spectral width of 20 kHz.
1H NMR spectra of static samples (volume of ~ 0.5 cm3 
placed into a 5 mm ampoule) of S. lacustris in air, chlo-
roform-d or TFAA media were recorded using Varian 400 
Mercury spectrometer employing 60° pulses of 3 µs dura-
tion. Temperature control (Bruker VT-1000) was accurate 
and precise to within ± 1 K. To prevent supercooling, the 
spectra were recorded starting at T = 200–210 K; samples 
were precooled to this temperature at a cooling rate of 
5 K/min. Next, samples were heated up to 280–285 K. 
Such conditions provided an equilibrium state of samples 
at each temperature.
Signal intensities were detected by measuring the area 
of peaks by the means of the procedure of decomposing 
the signal into its components under the Gaussian line 
shape assumption, as well as by optimizing the zero line 
and phase with an accuracy of no less than 5% for well-
resolved signals. To prevent supercooling of water in stud-
ied objects, the non-freezing water concentrations were 
recorded in heated samples, which were previously cooled 
to a temperature of 210 K. The method of NMR measure-
ments, the analysis of thermodynamic characteristics and 
Fig. 1  Microphotographs of 
S. lacustris powder (a, b) as 
example of naturally occurring 
biocomposite. Biosilica-based 
sharp spicules are tightly bound 
into chitinous matrix
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the calculation of the radius of interphase water clusters 
are described in detail in [30–33].
To determine the geometric dimensions of the clusters 
of adsorbed water, the Gibbs–Thomson equation was used, 
relating the radius of a spherical or cylindrical water clus-
ter or domain (R) to the value of the freezing point depres-
sion [34, 35]:
where Tm(R) is the melting temperature of ice localized in 
pores of radius R, Tm,∞ is the melting point of bulk ice, ρ is 
the density of the solid phase, σsl is the interaction energy 
between a solid surface and liquid, and ΔHf is the volume 
enthalpy of melting.
The process of freezing (melting) of interphase water 
localized within solid porous matrix corresponds to the 
changes in Gibbs free energy, caused by the effects of 
limited space and the natural interface of the phases. The 
difference from the bulk process lessens inversely to the 
distance of water layer from the surface. The water that 
freezes at T = 273 K has properties, which correspond to 
bulk water, and as the temperature decreases (without 
taking into account the supercooling effect), the layers of 
water that are closer to the surface start freezing. Changes 
in the free energy of bound water (ice) follow the ratio:
where the numerical coefficient is a parameter related to the 
temperature coefficient of the Gibbs free energy variation for 
ice [36]. While determining the temperature dependence of 
the unfrozen water concentration Cuw(T) based on the value 
of signal intensity in accordance with the procedure detailed 
in [30–33], the amount of strongly and weakly bonded water 
and the thermodynamic characteristics of these layers can 
be calculated.
The water interphase energy at the boundary with solid 
particles or in its aqueous solutions was determined as the 
modulus of the total decrease in the free energy of water 
due to the presence of phase interface [30–33] according 
to the formula:
where Cmax
uw
 is total amount of non-freezing water at 
T = 273 K.
The magnitude of interfacial energy is a convenient 
parameter to compare the binding energy of water in dif-
ferent systems, especially if the amount of water in them 
is the same.
(1)ΔTm = Tm(R) − Tm,∞ =
2휎slTm,∞
ΔHf휌R
,
(2)ΔGice = −0.036(273.15 − T),
(3)훾S = −K
C
max
uw
∫
0
ΔG(Cuw)dCuw,
Samples were observed using advanced imaging and 
measurement system consisting of Keyence VHX-6000 
digital optical microscope and the swing-head zoom 
lenses VH-Z20R (magnification up to 200 ×) and VH-
Z100UR (magnification up to 1000 ×). S. lacustris 
powder (Fig. 1) has been provided by Farmakom Ltd 
(Kharkiv, Ukraine).
3  Results and discussion
Microphotographs of S. lacustris biocomposite powder are 
represented in Fig. 1. Siliceous spicules are clearly visible 
in digital stereo microscopy images.
The thermogravimetric analysis data of the rehy-
drated S. lacustris sample, which was kept at 293 K for 
24 h, are shown in Fig. 2. On the mass loss curve (TG 
curve) three main sections corresponding to the minima 
on the DTG curve can be distinguished. The first section 
within the region of T < 150 °C should be attributed to 
the removal of water, the amount of which is 430 mg per 
1 g of dry matter. The second section indicates mass loss 
(150 °C < T < 400 °C), which is caused by the destruction 
of the organic component of biological product, whereas the 
third section (400 °C < T < 650 °C) is formed due to carboni-
zation and  CO2 formation. The ash content of the sample 
accounts for 36% of its initial mass, which is due to a high 
amount of silica being a part of S. lacustris sample. Small 
endothermic as well as exothermic maxima correspond to 
water removal on the DTA curve and to the rest of the pro-
cesses, respectively.
Figure  3 shows the spectra of S. lacustris samples 
recorded at different 1H  NMR temperatures, contain-
ing CH2O = 430 and 890 mg/g water in air (a, b),  CDCl3 
medium (c, d) and chloroform medium with the addition of 
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Fig. 2  Thermograms of the rehydrated S. lacustris powdered biocom-
posite
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deuterotrifluoroacetic acid (e). In air, one wide water signal 
is recorded in the spectra, the intensity of which decreases 
with temperature reduction due to partial freezing of inter-
phase water, whereas the chemical shift is shifted to the 
region of large values reaching δH = 8 ppm at T = 214 K 
(Fig. 3a). Since the increase in the ordering of the network 
of hydrogen bonds, caused by the formation of ice-like struc-
tures, increases the chemical shift to δH = 7 ppm. [30–33], 
large values of the chemical shift should be attributed to an 
increase in the contribution of the acid group protons of S. 
lacustris.
In  CDCl3, the shape of the spectra changes. At 
CH2O
 = 430 mg/g (Fig. 3c), a group of intense signals appears 
with chemical shifts in the region δH = 1.5-3 ppm. In this 
spectral region, one can expect the appearance of signals 
of weakly associated (forming little hydrogen bonds with 
other molecules) water, as well as aliphatic protons of phos-
pholipid groups that make up the cellular material. In view 
of the complex nature of the spectrum, it should be noted 
that for the S. lacustris sample this type of proton is the 
main one. Since cell membranes predominantly consist of 
phospholipids, it can be assumed that, at a selected level of 
hydration, chloroform easily penetrates the tissue of biologi-
cal material of S. lacustris and dissolves in the membranes, 
increasing the mobility of phospholipid molecules. This 
effect increases with the inclusion of TFAA in the disper-
sion medium (Fig. 3e) and decreases with an increase in 
interstitial water concentration (Fig. 3d). It is likely that the 
high level of hydration of the biomaterial prevents direct 
Fig. 3  The 1H NMR spectra 
of S. lacustris biocomposite 
samples taken at different tem-
peratures, containing C
H
2
O
 = 430 
and 890 mg/g of water in 
air (a, b),  CDCl3 (c, d) and 
6 CDCl3 + 1 TFAA (e)
a b
c d
e
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contact of hydrophobic medium with cells, thus reducing the 
possibility of its dissolution in cell membranes structures.
Taking into account the knowledge of the total amount 
of water in the samples prior to freezing, the concentrations 
of non-freezing water (Cuw) can be calculated based on the 
temperature dependences of the intensity of water NMR sig-
nal for each temperature and, using the data on Cuw and the 
formula (2), the values of Gibbs free energy change in the 
adsorbed water layer (ΔG) can be obtained. For the studied 
systems, the dependences Cuw(T) and ΔG(Cuw) are shown 
in Fig. 4.
The horizontal line in Fig. 4b allows us to divide interfa-
cial water into strongly and weakly bound water (SBW and 
WBW, respectively). In this case, the fraction of water that 
freezes at T < 265 K (ΔG < − 0.5) [30–33] is considered to 
be strongly bound. According to the data in Fig. 4b, in both 
air and hydrophobic media, the amount of strongly bound 
water decreases with elevated hydration of the sample, but 
increases in the presence of TFAA. The diagram indicat-
ing the change in the magnitude of the interfacial energy 
(solid–water) calculated according to formula (3) based on 
the dependences (see Fig. 4b) is shown in Fig. 5d, whereas 
Fig. 5a–c demonstrate the radial distributions of interphase 
water clusters calculated by the Gibbs–Thomson formula 
(1). As expected, an increase in the amount of water in 
the sample led to the appearance of large interfacial water 
clusters (Fig. 5a, b). However, in this case, not an increase, 
but a reduction in interfacial energy of water (Fig. 5d) is 
observed, i.e., the total energy of water binding in the bio-
material decreases with elevated hydration of tissue. Perhaps 
this is due to the complex nature of changes in the distribu-
tion of water in the biomaterial depending on the level of its 
rehydration. For example, it can be suggested that intracel-
lular water is more strongly bound than in the intercellular 
space, but for its penetration into the cells, a certain amount 
of weakly bound water must be present within the intercel-
lular space. At CH2O = 430 mg/g, a significant fraction of 
water does not penetrate the cells, being localized outside, 
where it is weaker bound to the surface of S. lacustris sam-
ple. The binding of water in the S. lacustris sample increases 
in weakly polar medium, especially at a low level of rehy-
dration (Fig. 5b, d). This is due to a decrease in the average 
radius of the clusters of adsorbed water. The addition of 
a strong acid to the dispersion medium leads to a signifi-
cant increase in the interfacial energy of water (Fig. 5d), 
caused by solvation effects. In the solution, acid molecules 
are hydrated and in order to reach their crystallization at low 
temperatures in the form of hexagonal ice it is necessary 
to expend energy equal to the energy of solvation. Moreo-
ver, most of the water freezes in the form of clusters with 
R = 3 nm (Fig. 5c).
The temperature dependences of the chemical shift for 
S. lacustris samples at different hydration in air and organic 
media are shown in Fig. 6. The values of the chemical shift 
turned out to be very large, especially at low temperatures, 
when most of the water freezes. In some cases, a chemical 
shift of water was recorded even to be higher than in the 
sample with the addition of TFAA. Therefore, on the surface 
of the dried S. lacustris biomaterial, there was a significant 
amount of acid groups with which water molecules were 
able to form hydrogen-bound complexes, and their dissocia-
tion into water led to a significant increase in the chemical 
shift of interfacial water.
In contrast to S. lacustris powder used in this study, 
recently discovered chitin-spicule composite material 
extracted from Ochridaspongia rotunda fresh water sponge 
[37] open the way to development of new ready to use sur-
face-active cosmetic masks.
Fig. 4  Temperature dependences of the concentration of non-freezing water (a) and the dependences of the change in Gibbs free energy on the 
concentration of non-freezing water for S. lacustris biocomposite samples that differ in the amount of water in different media (b)
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4  Conclusions
Specific behavior of water/oil interphases within naturally 
occurring composites is of crucial interest for prepara-
tion of cosmetic products. It was shown for the first time 
here that the binding of water in S. lacustris biocomposite 
obtained by drying depends on the level of rehydration. It 
turned out that at CH2O = 430 mg/g, water binding is less 
than at CH2O = 890 mg/g, which may be due to the complex 
process of water penetration into partially dehydrated cel-
lular material. A hydrophobic organic medium easily pen-
etrates cell membranes at CH2O = 430 mg/g, but much less 
at CH2O = 890 mg/g. This phenomenon can be used for cal-
culations of corresponding cosmetic creams, especially that 
which should be developed as anti-acne composites. The 
hydrophobic phase can be enriched with corresponding fat-
soluble anti-inflammatory as well as anti-pain compounds, 
which are necessary to decrease possible irritation of skin 
surfaces due to spicule determined damage of the cellular 
membranes.
The magnitude of the chemical shift of water, associ-
ated with the tissues of rehydrated S. lacustris, approaches 
the values characteristic of strong acids, which indicates 
that a significant amount of acid groups capable of disso-
ciation into a limited amount of water is present within the 
biocomposite.
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